We apply single-photon, fiber-assisted spectroscopy to characterize photon-pair generation with CW pumping. Using this spectrometer, we observe biphoton interference with unequal biphoton arrival times at the beamsplitter.
Introduction
Entanglement is a key resource for quantum information networks. We are developing a continuous-wave (CW) source of polarization-entangled photons at non-degenerate wavelengths operating near 1550 nm. Here, we report on applying a fast, single-photon characterization tool [1] to measure the spectrum of our spontaneous parametric downconversion (SPDC) source. This tool leverages the group velocity dispersion in a long length of optical fiber and the high timing resolution of super-conducting nanowire single-photon detectors (SNSPDs) to allow fast measurements of the joint-spectral distribution of the SPDC source [2] . Typically, these measurements rely on a trigger from the pulsed pump. In contrast, our source is pumped with a continuous-wave laser. We are able to measure the spectral distribution by examining the arrival times of the signal and idler photons. Furthermore, we observed interference in the joint-spectral measurements arising from Hong-Ou-Mandel interference [2, 3] .
Experimental Description
Our photon pairs are generated in a domain-engineered, periodically poled LiNbO3 crystal pumped at 775 nm that produces orthogonally polarized signal and idler and 1533 nm and 1567 nm. The domain-engineering allows |HsigVidl² and |VsigHidl² to be simultaneously produced in the same crystal [4] . The continuous-wave, 775-nm pump was focused confocally in the 25-mm long crystal to a 40 Pm waist. As sketched in Fig. 1a , the photon pairs were coupled into fibers after a half-wave plate (HWP) and polarizing beam splitter (PBS). For most measurements, the HWP is removed, but for certain measurements, the HWP is used to remove polarization selectivity of the PBS. The photons are dispersed by dispersion compensation modules (DCMs) that have -1 ns/nm dispersion near 1550 nm and 30 Ps total delay. Photons were detected by SNSPDs (with <100 ps timing jitter) and arrival times were logged. We collected measurements using one or both DCMs.
For the CW spectral measurements, we relied on knowing the CW pump wavelength. Due to the narrowband pump, each signal wavelength has a well-defined, corresponding idler wavelength. By knowing the dispersion produced by the fiber module, the relative arrival time between signal and idler can be mapped to the wavelength of the signal or the idler. With a single DCM, the undispersed arm after the PBS serves as a trigger while the other arm is dispersed by roughly 1 ns/nm. When two DCMs are used, the signal-idler dispersion is doubled at the expense of coincident count rate reduction since each DCM has about 4 dB loss. Figure 1b shows SPDC spectra measured as the PPLN temperature is varied with no HWP in the setup. The spectra were acquired with 60-second integration times using 3 mW CW pump incident on the crystal. Two peaks are visible, which correspond to the |HsigVidl² and |VsigHidl² states. The spectra agree well with theory. The measurements were taken using DCM1 and no dispersion module in the second arm of the experiment. We observed agreement between spectra measured with DCM1, DCM2 or both DCMs in the setup. The 0.1 ns timing jitter of the detector combined with the 1 ns/nm dispersion led to 0.1 nm spectral resolution, which easily resolved the nm-wide SPDC peaks. When we used DCMs in both arms of the experiment, the coincidence count rate drop by a factor of ~10, leading to longer acquisition times and worse signal-to-noise ratio compared to spectral measurements collected while using only one DCM.
Experimental Results
When the HWP is inserted and set to rotate all waves by 45q, the PBS acts like a non-polarizing beam splitter and we see four peaks corresponding to O(Hsig), O(Vidl), O(Vsig), and O(Hidl). At T = 143 qC, O(Hsig) = O(Vsig) and O(Vidl) = O(Hidl) and the four peaks are reduced to two peaks. With the HWP, the polarization distinguishability is erased between Hsig and Vsig (and analogously for the idler), and interference is observed. These results are summarized in Fig. 2a . The red trace (with the HWP) shows interference fringes while the blue trace (without the HWP) does not. This effect is Hong-Ou-Mandel (HOM) interference at the beam splitter with unequal biphoton arrival times [2] . In a spectrally resolved HOM measurement, interference effects can still be seen outside of the HOM dip [2] . The width of HOM dip is given by the length of the photon wavepacket, which for this experiment, is 5 ps from the 1 nm SPDC bandwidth. The mismatch in arrival time is caused by the birefringent walkoff of the PPLN crystal and amounts to 't = 3 ps. Our observations here correspond to measurement made on the side of the HOM dip. Using the two-photon spectral intensity distribution described in [2] , we calculated the theoretical idler spectrum (Fig. 2b) , which shows excellent qualitative agreement with our observed spectrum. The interference occurs between the two SPDC processes that are recombined on the HWP/ PBS.
Conclusion
In summary, we demonstrate that fiber-assisted, single-photon spectroscopy can be effectively used to characterize a continuous-wave SPDC source. Well-resolved spectra were obtained using CW pumping (3 mW power) and 60-second acquisition times. We use the spectroscopy technique to observe HOM interference with mismatched biphoton arrival time. These measurements suggest that our polarization-entangled photon pair source is a good candidate for use in future quantum information and quantum communications applications. 
